Objective To evaluate the association between a frailty index (i.e., scale of accumulated deficits) and neurocognitive functioning among persons living with HIV/AIDS (PLWHA).
Results
Participants had a mean age of 44.6 years (11.2), and were mostly male (86.9%) and white (60.2%) with a mean frailty index of 0.26 (0.11). Over the study period, prevalence of HIVrelated components (e.g., low CD4) decreased, while non-HIV comorbidities (e.g., diabetes) increased. There were no changes in the frailty index by study year. Higher frailty index was associated with worse global neurocognitive functioning, even after adjusting for covariates (age, employment, and premorbid intellectual functioning; b = −0.007; 95% confidence interval [CI] = −0.0112 to −0.003; p < 0.001). The cognitive domains of verbal fluency (b = −0.004; 95% CI = −0.006 to −0.002), executive functioning (b = −0.004; 95% CI = −0.006 to −0.002), processing speed (b = −0.005; 95% CI = −0.007 to −0.003), and motor skills (b = −0.006; 95% CI = −0.007 to −0.005) also significantly predicted worse frailty index score (p values <0.001).
Conclusion
A frailty index can standardize how clinicians identify PLWHA who may be at higher risk of neurocognitive impairment.
With recent advances in antiretroviral therapy, persons living with HIV/AIDS (PLWHA) are now able to live into late life, [1] [2] [3] but at an increased risk of early acquisition of agerelated diseases [4] [5] [6] [7] and HIV-associated neurocognitive disorders (HAND). 8, 9 Furthermore, PLWHA have higher rates of frailty at a younger age. 10, 11 In geriatric medicine, frailty is used to quantify an individual's risk of acquiring multisystem vulnerability. 12, 13 Although frailty is correlated with aging, studies show a similar physiologic process to aging in younger PLWHA, which is theorized to be due to increased immune activation secondary to the disease process. 14, 15 Frailty has been shown to predict mortality independent of measures of HIV disease severity, 16 suggesting that frailty is important to track in providing optimal care.
One means of quantifying frailty has been as an index, 13 or a proportion of acquired age-related deficits. This model represents frailty as a potentially reversible state and allows for customization with disease-and age-related criteria. Studies have shown that although each deficit may not be individually predictive, cumulatively the index has a robust predictive value for overall morbidity and mortality. 17 Among PLWHA, frailty has been associated with mortality, psychiatric factors (e.g., depression), and impaired everyday functioning (e.g., instrumental activities of daily living [IADL] ). 10, 16, [18] [19] [20] There are few studies of frailty and neurocognition among PLWHA [21] [22] [23] ; however, these studies point toward a relationship that warrants further exploration. Therefore, the aim of our study was to determine the association between frailty and global neurocognitive functioning among PLWHA. Standard protocol approvals, registrations, and patient consents All HNRP studies from which data were used received approval from the University of California, San Diego, institutional review board. All participants provided written informed consent.
Methods

Participants
Measures Frailty index
The frailty index was constructed using 26 factors including general health maintenance, comorbidities, and HIV-specific measures (table 1) . These criteria were based on those included in a previous study using a frailty index among PLWHA. 14 Following the guidelines for creating a frailty index, 15 we did not include factors that (1) had greater than 5% missing data, and (2) had less than 1% of participants meeting criteria for the deficit. Potential factors that were removed because more than 5% of data were missing included C-reactive protein, DSM-IV diagnosis of major depressive disorder, Beck Depression Inventory score, total cholesterol, high-density lipoprotein, lowdensity lipoprotein, phosphorus, triglycerides, hemoglobin A 1C , and insulin. Potential factors that were removed because not enough participants (<1%) met the deficit criteria included sodium, renal disease, congestive heart failure, liver disease, and peripheral vascular disease. Using these criteria, we summated the count of fulfilled criteria for each individual and divided by 26 to calculate an individual's frailty index score.
Neurocognitive and everyday functioning
Neurocognitive functioning was measured using a wellvalidated, comprehensive neuropsychological (NP) battery designed to assess 7 domains of neurocognitive functioning commonly affected in HIV (i.e., verbal fluency, executive functioning, processing speed, learning, delayed recall, working memory, and motor skills). 16 We utilized global and domainspecific NP mean scaled scores (SS), which are normalized composite scores (mean = 10, SD = 3); global NP mean SS are based on functioning across all neurocognitive measures, and domain-specific NP mean SS are based on functioning across neurocognitive measures within respective domains. SS are not corrected for demographics, allowing for accurate comparison to our similarly demographically uncorrected outcome measure (i.e., frailty index). We subsequently controlled for demographics in the regression model. Everyday functioning impairment was measured with self-reported IADL complaints used to determine functional dependence. Employment status was also obtained. Wide Range Achievement Test (WRAT)-Word Reading score was used as a proxy for level of education and cognitive reserve. The WRAT has been supported as a more accurate measure of education and cognitive reserve compared to years of education, particularly in racial/ethnic 
Statistical analysis
To ensure that the frailty index was not influenced by enrollment year (i.e., 2002-2016), Pearson correlational analyses were conducted to explore associations between (1) enrollment year and proportions of participants meeting criteria for each variable in the frailty index, and (2) enrollment year and frailty index.
To explore the relationship between the frailty index and neurocognitive functioning, the unadjusted associations between frailty index and global and domain-specific SS were assessed using Pearson correlations. Next, a multiple regression model was used to construct 8 total regression models: one regressing the frailty index on global NP mean SS and a model for each of the 7 cognitive domain scores as a predictor of frailty index, all adjusted for potential covariates (i.e., age, sex, ethnicity, WRAT score, employment status, and IADL dependence). Of note, only WRAT score was used (without years of education) to avoid multicollinearity; WRAT score and years of education were significantly correlated (Pearson r = 0.49, p < 0.0001). Potential covariates were added to the multivariable regression analyses if they were associated with frailty at p < 0.05. Backward model selection was applied and the final models were chosen to include only the predictor of interest and covariates with p values <0.05. Squared semipartial correlations were calculated to represent the effect size for each predictor variable in the multivariable regressions. These represent the unique proportion of variance explained in the outcome variable by each predictor variable above and beyond other predictor variables (i.e., removing the shared influence of other predictor variables). All analyses were performed using JMP Pro 12.0.1 18 and R version 3.2.2 statistical software.
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Data availability HIV stigma persists in San Diego County and elsewhere. To maintain confidentiality, we do not make individual-level deidentified data publicly available, particularly since our data include unique individuals (e.g., older PLWHA of a rare race/ ethnicity) that might be at higher risk of reidentification. Our deidentified data are maintained in a secure data resource and are available to qualified external investigators who agree to maintain the confidentiality of our participants. Requests for data should be submitted to the HNRP Data Resource Committee (hnrpresource@ucsd.edu).
Results
Sample characteristics
See table 2 for sample characteristics. The sample consisted of 705 (86.9%) men and 106 (13.1%) women between ages 18 and 79 years (mean = 44.6, SD = 11.2). At the time of visit, most participants (71.8%, n = 582) were prescribed combination antiretroviral therapy (cART), 3.3% (n = 27) were prescribed a non-cART HIV regimen, and 24.9% (n = 202) were not on any medication regimen. Of note, when examining differences in prescribing practices between the first (i.e., 2002-2009) and second half (i.e., 2010-2016) of the enrollment period, we found that the percent of participants Associations between enrollment year and frailty index To view a temporal snapshot of the potential effect of enrollment year (i.e., from 2002 to 2016) on variables included in our frailty index, we examined the proportion of participants who met criteria for a deficit in each variable for each enrollment year. Less than 10% of participants met criteria for elevated glucose, decreased serum albumin, and myocardial infarction across all enrollment years. Of the remaining 23 variables in the frailty index, 16 variables had significant changes in the proportion of participants meeting deficit criteria within each individual calendar year. For example, the (cross-sectional) prevalence of 9 of the frailty components decreased according to calendar year, including white blood cell count (r = −0.59, p = 0.021), hematocrit (r = −0.75, p = 0.001), aspartate transaminase (r = −0.073, p = 0.002), alanine transaminase (r = −0.062, p = 0.014), hepatitis C (r = −0.81, p < 0.001), nadir CD4 (r = −0.57, p = 0.026), absolute CD4 (r = −0.81, p < 0.001), CD4/8 ratio (r = −0.63, p = 0.011), and plasma viral load (r = −0.89, p < 0.001; table 1). The (crosssectional) prevalence of 7 of the frailty components increased according to calendar year, including diabetes mellitus (r = 0.62, p = 0.014), malignancy (r = 0.63, p = 0.013), hypertension (r = 0.77, p = 0.001), hyperlipidemia (r = 0.90, p < 0.001), current smoking (r = 0.54, p = 0.037), smoking ever (r = 0.71, p = 0.003), and duration of HIV infection (r = 0.85, p < 0.001). To interpret these changes in the context of changes in antiretroviral therapy regimens over the study period, we also examined proportions of participants on certain regimen types from 2002 to 2016. Across all participants, the most prevalent regimen types (i.e., >5%) were protease inhibitors/nucleoside reverse transcriptase inhibitors (PI/NRTI; 45.6%), nonnucleoside reverse transcriptase inhibitors (NNRTI)/NRTI (27.7%), PI/NNRTI/NRTI (11.0%), and NRTI/integrase inhibitors (II; 7.7%). In later years, proportions of participants on PI/NRTI regimens decreased (r = −0.79, p < 0.001), proportions of participants on NRTI/II regimens increased (r = 0.82, p < 0.001), and proportions of participants on PI/NNRTI/NRTI and NNRTI/ NRTI regimens remained stable (p values >0.05).
We then examined the association between frailty index and enrollment year to ensure that our frailty index is stable across calendar years, despite the temporal trends in specific variables. The frailty index displayed stability across enrollment years, with no significant correlation between frailty index and enrollment year (r = −0.06, p > 0.05). Table 3 shows univariate relationships between the frailty index and all potential covariates. Of note, age had significant linear and quadratic associations with frailty index, indicating an increase in frailty with increasing age only up to a certain age when the strength of the association decreases (figure). WRAT score, ethnicity, IADL dependence, and employment status also showed significant univariate relationships with frailty index.
Association between frailty and neurocognition
In the unadjusted analyses, global NP mean SS was negatively associated with the frailty index (r = −0.28, p < 0.001), indicating increased frailty with worsening global cognitive ability. Frailty index was also increased (univariately) with an increase in all neurocognitive domains (verbal fluency: r = −0.18, Covariates included in the multivariable model selection were age (linear and quadratic), WRAT score, ethnicity, IADL dependence, and employment status. For all final multivariable models, stepwise selection resulted in the inclusion of only the primary predictor variable and 4 covariates (i.e., linear age, quadratic age, WRAT score, and employment status). Table 4 displays results of all 8 multivariable models examining relationships between frailty and global and domain-specific neurocognitive functioning. Higher frailty index was associated with worse global neurocognitive functioning, verbal fluency, executive functioning, processing speed, and motor skills (p values <0.001). Each predictor included in the final models had a small to medium effect size. Of note, when the frailty index is modified to include all variables with <20% missing data, rather than the more restrictive <5% data, results do not change.
Lastly, to better understand the construct of frailty and its association with neurocognitive and everyday functioning across the lifespan among PLWHA, we reexamined the relationship between frailty and global neurocognitive functioning (controlling for linear age, quadratic age, WRAT score, and employment status) separately for younger (younger than 50 years; n = 553) and older (50 years or older; n = 258) participants in our sample. 
Discussion
Among PLWHA, we found that lower cognitive performance (specifically in domains of verbal fluency, executive functioning, processing speed, and motor skills) was significantly associated with increased frailty, even when controlling for other important covariates such as demographics. Although effect sizes were overall small, the clinical implications of our findings are important because the use of a frailty index may allow providers to identify PLWHA who are at risk of worse neurocognitive functioning (and vice versa).
Within the general aging population, an increased frailty index has been shown to be a predictor of poor health outcomes, including increased emergency department visits, after-hours surgery visits, increased nursing home admissions, and increased mortality. [21] [22] [23] 25 Increased frailty has also shown to be associated with neurocognitive impairment among the Figure Quadratic relationship between age and frailty index general population. 26, 27 The current study represents a logical extension of these previous studies by examining PLWHA.
Our findings are consistent with recent research on aging PLWHA showing improved HIV disease outcomes over time that are belied by increasing prevalence of non-HIV-specific conditions. [1] [2] [3] [28] [29] [30] [31] In formulating a frailty index that included both HANA diagnoses as well as specific medical parameters, we were able to evaluate the role of multiple comorbidities on neurocognition in HIV. In evaluating the proportion of participants that met the deficit criteria for each of our 26 frailty variables by enrollment year, we found significant temporal prevalence changes in 16 components of the frailty index. The 9 variables displaying decreased prevalence in our sample according to calendar year included HIV-related variables. This pattern is likely the result of continual improvement of HIV treatment and decreased side effect profiles, as supported by the changes in regimen type over time. In contrast, other factors on the rise included medical comorbidities (e.g., diabetes). These detrimental non-HIV conditions may denote downstream effects of HIV and antiretroviral treatment on overall health. 7, [32] [33] [34] Despite these temporal changes of specific components, the frailty index did not significantly change from 2002 to 2016, suggesting that while different variables contributed to frailty across years, the measure itself remained consistent.
Our study is one of the first to show an association between neurocognition and frailty measured as an index among PLWHA, which is consistent with literature on frailty and neurocognition in the general population. Among HIVuninfected adults, proposed underlying mechanisms for the association between frailty and neurocognitive impairment include nutrition, chronic inflammation, cardiovascular risk, and mental health. 27 Although the potential mechanisms linking frailty and neurocognition need further study among PLWHA, the aforementioned factors have also been examined as proposed mechanisms for the increased rates of HAND seen in older PLWHA. 8, 9, 35 As such, it is not surprising to see a significant relationship between neurocognition and frailty among those living with HIV. Our findings importantly begin the process of disentangling relationships between factors that predict both neurocognitive functioning and frailty, as neurocognitive functioning independently predicts frailty in our model, even when controlling for important covariates. Furthermore, our novel results examining the relationship between global neurocognition and frailty separately by age group (i.e., younger than 50 years, 50 years and older) support 2 important conclusions regarding frailty across the lifespan among PLWHA:
(1) that the construct of frailty in younger PLWHA is similar to that in geriatric literature, such that frailty increases with age; and (2) that the frailty index has important clinical relevance in younger PLWHA, as higher frailty index relates to worse global neurocognition and greater unemployment.
More specifically, of the 7 specific domains of neurocognition we investigated, verbal fluency, executive functioning, processing speed, and motor skills were the only neurocognitive domains that significantly predicted frailty, with processing speed and motor skills as the strongest predictors, as indicated by effect sizes. These domains do not map onto the neurocognitive domains known to be most affected in HAND in the cART era. 16 In fact, although memory has shown greatest deficits in HAND compared to other domains, learning, delayed recall, and working memory were not significant predictors of frailty in the current study, suggesting that our frailty index is likely capturing more than just HIV-related complications as it is proposed to do. We plan on further examining this novel finding of HIV-specific markers effect on frailty and non-HIV-related neurocognitive decline using HIV-negative controls in future studies. Accordingly, our findings also show that age, employment, and an estimate of verbal intelligence (e.g., WRAT-Word Reading score) were significant predictors of frailty. Age correlated with an increase in frailty up to a certain age when the strength of the association decreased. This quadratic relationship may represent a survival bias; that is, older PLWHA who have been living with HIV for an average of 10 years may be biologically, psychologically, or otherwise more fit than others who have not lived beyond a certain age with HIV. Resilience has been studied as a potential mechanism of successful aging in PLWHA and is defined as a capacity to thrive despite adverse circumstances. 36 In many studies, individuals identified as having greater resilience have been shown to have better physical and mental health. [37] [38] [39] Thus, the older participants in our study, having survived a long time with a chronic disease, may be more resilient, but this hypothesis remains to be explored.
Unemployment, serving as an indicator of everyday functioning ability, was associated with increased frailty. This finding is consistent with current research on frailty among PLWHA. 16 Of note, IADL dependence, another measure of everyday functioning, was not a significant predictor of frailty when controlling for the other variables included in our final model. This suggests that employment may capture a unique facet of everyday functioning that is more relevant in the prediction of frailty compared to IADL dependence.
An estimate of verbal intelligence (e.g., WRAT-Word Reading score), serving as a proxy for education and cognitive reserve, decreased as frailty index scores increased. This suggests that cognitive reserve may be a protective factor for frailty. Cognitive reserve has been proposed as a neuroprotective factor that may explain the discrepancy observed between degree of neuropathology and the clinical manifestation of neurocognitive impairment in many individuals. 40, 41 Neuroplasticity facilitates alternate cognitive processing as neuropathology disrupts existing synaptic pathways, allowing an individual to adapt and delay the onset of clinical symptoms. 42, 43 Resultantly, though 2 individuals may have similar neuropathology, the individual with higher cognitive reserve shows less clinical impairment. Our novel finding relating cognitive reserve to frailty may suggest a similar mechanism at play in multisystem function among PLWHA and warrants ongoing research. This novel study has many strengths, including a large and diverse sample of PLWHA who have varying levels of neurocognitive and medical impairments; however, our study also has limitations worth addressing. First, our sample was compiled from multiple studies across a wide time span. Although this allowed for a large and diverse sample, it also forced us to remove multiple potential variables from our frailty index with greater than 5% missing data. These missing data were attributed to differences in the data collected in each study. As a result, our frailty index had 26 variables, which is slightly short of the number of variables recommended to best capture associations with health risks. 44 In addition, consequently from the wide time frame in which data were collected for our cohort, we did not have the data required to use a cognitive reserve index, which has been shown to be a more complete representation of cognitive reserve. 5, 9 However, we believe that the WRAT index, representing premorbid literacy, has been established as an adequate proxy of cognitive reserve, especially in a diverse population. 31 Also, because of the large time frame in which the different studies were conducted, there are some participants who were not on antiretroviral medications or were on antiretroviral regimens other than cART. To limit the variability in antiretroviral treatment, we set a cutoff of 2002, after which a majority of individuals were on cART. The results of our study may also be influenced by selection bias; that is, those with greater health status may have opted to participate in these research studies, and those with the lowest health status may have been incapable of participating. In addition, with a cohort consisting solely of PLWHA, we were unable to evaluate the effect of HIV itself on frailty and its association with neurocognitive performance. We plan to compare PLWHA to HIVuninfected individuals in the future to study this relationship as well as further evaluate the potential for survival bias in PLWHA. Finally, because the correlations between frailty index and cognition were small, it will be important for future studies to replicate these findings in support of the current conclusions.
Among PLWHA, there is an emerging need to identify individuals at greater risk of multiple organ system dysfunction, who may present with more frequent hospitalization, a greater risk of mortality, and resultantly more complexity in clinical management. 45 Older PLWHA are at greater risk of multisystem dysfunction, HAND, and frailty. 4, 9, 10, 46 Our study adds to this literature by demonstrating an association between increased frailty and worse neurocognitive functioning among PLWHA. These findings are clinically important because they provide a simple and reliable method for providers to identify persons at risk of concurrent frailty and neurocognitive impairment, and who may require more complex care. For example, similar to the Framingham cardiovascular risk index, the frailty index could be translated into an online tool that would provide clinicians with a convenient way to stratify patients regarding the need for further testing or a referral to a neuropsychologist or neurologist. Inversely, it also suggests that neurocognitive function may have a role in the poor health outcomes seen with frailty. Continuing investigation to understand these complex relationships is clearly needed in order to provide optimal care to persons aging with HIV.
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